Carrot mottle, a persistent aphid-borne virus transmissible by inoculation of sap, lost infectivity when Nicotiana clevelandii sap was diluted Io -s, heated for I o rain. at 7 o°, or stored at room temperature for 9 to 24 hr. Leaf extracts made using phenol contained infective RNA. Infectivity was abolished from leaf extracts by treatment with di-ethyl ether, chloroform or other organic solvents. Partially purified preparations, made by clarification with bentonite, followed by chromatography on calcium phosphate (brushite) columns and sucrose density gradient centrifugation, contained approximately spherical particles about 50 nm. in diameter. After equilibrium sedimentation in caesium chloride gradients, infectivity was found in fractions of density
Carrot motley dwarf disease (Stubbs, I948, I952) is caused by mixed infection with two viruses, carrot mottle (CMotV) and carrot red-leaf (CRLV) (Watson, Serjeant & Lennon, I964) . Both persist for many days in their vector, the aphid Cavariella aegopodii Scop., and are retained by it through the moult. CMotV, but not CRLV, is transmissible by inoculation of sap, a property possessed by few viruses that persist, and therefore possibly multiply, in aphid vectors. Watson et al. (I964) reported that C. aegopodii transmits CMotV only from plants which also contain CRLV. This dependence on a 'helper' virus resembles that first reported by Smith (I946) for tobacco mottle virus and now known to occur with at least four other viruses--potato C (Watson, I96o) , potato aucuba mosaic (Kassanis, I96I) , parsnip yellow fleck (Murant & Goold, I968) and groundnut rosette (Hull & Adams, I968 ) . Watson et al. (I964) found a few isometric particles of c. 30 m/z diameter in preparations made in unspecified ways from motley dwarf-diseased carrots, and speculated that these might be particles of CMotV, although they were unable to find similar particles in preparations from Nicotiana clevelandii Gray infected with CMotV alone. To explain this and the peculiar aphid-transmission behaviour of CMotV, they suggested that it might be a 'defective' virus, unable to form complete virus particles except when multiplying in tissues also infected with CRLV. An alternative explana-tion was that the particles were those of CRLV. In this paper we report the occurrence of particles of about 50 nm. diameter in partially purified preparations of CMotV from N. clevelandii and in ultrathin sections of N. clevelandii leaves, and describe some properties of CMotV which differentiate it from most other plant viruses.
METHODS
The experimental work was done during the months of October to April over a period of several years. Plants were grown in an insect-free glasshouse kept, when possible, between IO ° and 18 °. Plants were inoculated by rubbing their leaves with extracts made by grinding infected leaves in water containing Celite (Johns-Manville, Ltd).
An isolate of CMotV, obtained from a carrot from Carnoustie, Angus, with motley dwarf disease, was propagated three times from single local lesions in leaves of Chenopodium quinoa Willd. and then cultured in Nicotiana clevelandii. Preparations were assayed by counting with a magnifier (x 4) the lesions produced in inoculated leaves of C. quinoa. Treatments were distributed among the upper four expanded leaves, using a Latin square or Youden square design.
Sucrose density gradients were prepared by layering I ml. each of IO, 2o, 30 and 4o 9o (w/v) sucrose in o.0o6 M-phosphate buffer (pH 7"o) in 2 x ½ in. Spinco SW 39 L tubes and allowing the sucrose to diffuse overnight at 4°; o-6 ml. of a partially purified CMotV preparation was then floated on each gradient. For isopycnic sedimentation, I ml. of a partially purified CMotV preparation was mixed at o ° with 4 ml. of a 28 % (w/v) solution of CsC1, giving a final concentration of 22-4% (w/v) CsCl. After centrifugation, sucrose or CsCl gradients were sampled by collecting 4-drop fractions from a hypodermic needle inserted into the bottom of the tube. The densities of the fractions were determined by weighing 5o #1. in a micropipette of known weight at room temperature. Each fraction was then diluted with I ml. 0.oo6 M-phosphate buffer and inoculated to four leaves on each of two Chenopodium quinoa plants.
Observations on partially purified preparations and ultrathin sections were made with a Siemens Elmiskop I electron microscope at 80 kv using a 50/~m. objective aperture. For ultramicrotomy, leaf strips (c. 5 x I mm.) were vacuum-infiltrated with 5% (w/v) glutaraldehyde in o-oI M-sodium cacodylate (pH 7"4), allowed to fix for I hr and post-fixed 3 hr in o.I % unbuffered osmium tetroxide. The tissue was then washed twice (30 min. each), dehydrated in a graded acetone series and stained with uranyl acetate for 18 hr at the 70 % acetone stage. Tissue pieces were then placed in a mixture of equal parts acetone and' methacrylate + styrene' (6 ml. methyl methacrylate mixed with I ml. styrene; 0"07 g. benzoyl peroxide added as catalyst) for z hr, transferred to a mixture of I part acetone and 3 parts 'methacrylate + styrene' for 4 hr, and finally to pure ' methacrylate + styrene' for 24 hr. The embedding medium was polymerized at 6o ° for 24 hr. Sections (c. 60 nm. thick) were cut with glass knives on a Cambridge-Huxley ultramicrotome, mounted on collodion-coated grids and post-stained for 5 to 15 min. with freshly made 1"25 % (w/v) lead citrate in o'05 N-sodium hydroxide. 
Properties in vitro
Studies on the in vitro properties of CMotV were made with sap or buffer extracts, clarified by low-speed centrifugation, from newly systemically infected leaves of Nicotiana clevelandii.
Dilution end-point. Sap usually lost infectivity when diluted more than Io -3 with distilled water or o.o6 M-phosphate buffer (pH 7"o).
Thermal inactivation point. Using Nicotiana clevelandii sap with an infectivity dilution end point of IO -a, infectivity was much decreased after Io min. at 45 to 5 °° and abolished after Io min. at temperatures between 67.5 ° and 7 o°.
Stability in vitro.
At 18 °, infectivity of sap remained constant or increased slightly for about 3 hr after extraction but then decreased rapidly so that only a trace survived after 9 hr and none after 24 hr.
Effect of freezing.
Leaves or sap lost all infectivity after 4 hr at -14°; several unsuccessful attempts were made to preserve infectivity by freeze-drying.
Effect of pH. Samples (I.5 ml.) of a leaf extract (5 ml. 0.06 M-phosphate buffer (pH 7"3) per I g. leaf) were adjusted to various pH values with io % (v/v) acetic acid and centrifuged for 5 min. at 7ooog. The sediments were resuspended in pH 7"3 buffer, the supernatant fluids readjusted to pH 7"3, and all samples brought to equal volumes before inoculation to Chenopodium quinoa. Infectivity of sediments and supernatant fluids decreased with decreasing pH (Table I ) and was almost abolished at pH values which gave satisfactory clarification (< pH 5"3)- 
Infectivity of nucleic acid preparations. Extraction of leaves with water-saturated
phenol produced highly infective nucleic acid preparations whose infectivity was abolished by pancreatic ribonuclease (5 x crystallized, salt and protease-free; Koch-Light Laboratories). In a typical experiment, I g. infected Nicotiana clevelandii leaf was extracted in I ml. 0.06 M-phosphate buffer (pH 7"0) + 2 ml. water-saturated phenol. The aqueous phase, after shaking it three times with ether to remove the phenol, bubbling with nitrogen to remove the ether and I/5 dilution with buffer, produced a total of 694 lesions in eight Chenopodium quinoa leaves, compared with 388 lesions produced by a control preparation extracted in buffer alone. Portions of these extracts treated with 0.25/zg./l. ribonuclease produced totals of o and 329 lesions respectively. CMotV therefore seems to contain RNA and this is readily extracted from leaves. Moreover, the infectivity in buffer extracts of leaves is not inactivated by ribonuclease, as might be the free RNA postulated by Watson et al. (I964) . found that adding a trace of zinc to borate buffers was beneficial, but in our experiments the increase in lesion number in C. quinoa was only about twofold. In subsequent work, leaves were extracted in 0.06 M-phosphate buffer (pH 7"0) containing thioglycollie acid and EDTA.
Purification Extraction of leaves in buffers.
Ultracentrifugation of crude leaf extracts. The minimum centrifugation times for sedimenting all infectivity from buffer extracts were about 30 rain. at 39,000 rev./min. (I2O,OOO g) in the Spinco SW 39L rotor or 60 min. at 28,000 rev./min. (70,000 g) in the Spinco 30 rotor. The rates of sedimentation suggested that the particles had a sedimentation coefficient in the region of 270 S, confirming that much of the infectivity is not in the form of free RNA. Effect of protein precipitants. Samples (2 ml.) of a leaf extract (4 ml. o.o6 M-phosphate buffer (pH 7"0) per I g. leaf) were mixed with various concentrations of ethanol, acetone or ammonium sulphate and, after 20 rain. at room temperature, centrifuged for 5 min. at 7000 g. The supernatant fluids were then centrifuged for I hr at xoo,ooo g. The pellets from low-and high-speed centrifugation were resuspended in 2 ml.
0.06 M-phosphate buffer (pH 7"0) and inoculated to Chenopodium quinoa. Much of the infectivity was destroyed by all the treatments (Table 2) .
Clarification of leaf extracts. Infectivity was abolished when leaf extracts in 0.06 M-phosphate buffer (pH 7"0) containing thioglycollic acid and EDTA were clarified by adding: one vol. diethyl ether; n-butanol (to 7"0, 8-0 or 8"5 % (v/v)); 0"05, o.I or 0.2 vol. chloroform; o. i, 0.2, 0"4 or 3"0 vol of a I : I mixture of n-butanol + chloroform; o.I25, 0"375 or I.O vol. carbon tetrachloride; one vol. x,I,2-trichloro-I,2,2-trifluoroethane (I.C.I. 'Arcton I I3'). In contrast, extracts clarified with hydrated calcium phosphate (Fulton, I959) retained a high proportion of their infectivity. Best results were obtained using leaf tissue, hydrated calcium phosphate and 0"04 M-phosphate buffer in w:w :v proportions of Io: I2:15. When preparations made in this way were centrifuged at 7ooo g, however, the supernatant fluids were yellow-green and still contained much suspended material. Better clarification was obtained by mixing leaf extracts in 0-06 Mphosphate buffer (pH 7"0) with 1% suspensions of crude Wyoming bentonite (British Drug Houses Ltd, London) ( Table 3 ). The optimum bentonite concentration was A.F. MURANT AND OTHERS about I to 2 mg./ml. The pellets produced after ultracentrifugation of extracts clarified with bentonite contained green material, although much less than those from extracts clarified with hydrated calcium phosphate. After clarification with bentonite, extracts lost little infectivity when kept for a week at 5 °. An extract which produced an average of I6O lesions on six Chenopodium quinoa leaves immediately after clarification gave averages of 92, 73 and 86 lesions per leaf respectively after I, 4 and 7 days at 5 °. Clarification by bentonite was therefore adopted as a preliminary stage in purification.
Infected Nicotiana clevelandii leaves (80 g.) were blended in 320 ml. 0.06 M-phosphate buffer (pH 7"0) (containing thioglycollic acid and EDTA) and filtered through muslin.
To each IOO ml. filtrate I2 ml. freshly made 1% (w/v) bentonite suspension was added to give a final concentration of about I mg./ml. After one cycle of differential centrifugation (7000 g for IO min., then 70,000 g for 60 min.) the pellets were dispersed in 0.06 M-phosphate buffer (pH 7"0). The degree of clarification and the amount of infectivity remaining depended on the age and condition of the leaf material. Best results were obtained when systemically infected leaves of N. clevelandii were harvested approximately 14 days after the plants were inoculated, when they were showing primary systemic vein-etching symptoms, but complete removal of the green material was never achieved without losing most of the infectivity. When preparations partially clarified in this way were centrifuged in sucrose density gradients, light-scattering material was present throughout and no virus-containing zone was seen. Chromatography on calcium phosphate columns. Further fractionation of viruscontaining extracts was attempted by chromatography on calcium phosphate (brushite) columns (Tiselius, Hjertdn & Levin, I956), a technique which has been used for purifying several viruses of vertebrates (Taverne, Marshall & Fulton, I958; Taverne & Wildy, 1959; Faulkner et al. I96I) . In the present work, the procedures of Taverne et al. (I958) were used for preparing the calcium phosphate, and packing and eluting the columns. After preliminary clarification by bentonite of Nicotiana clevelandii extracts and one cycle of differential centrifugation, the virus-containing pellets were dispersed in 0.06 M-phosphate buffer (pH 7"0) and added to the column. In the first series of experiments (Table 4 , Expts ~ to 3), 50 x IO mm. columns received 3 ml. of preparations containing the virus extracted from 15 g. leaf material. The columns were eluted step-wise with so ml. each of o.o6, o'3 and o'9 or I.O M-phosphate buffer (pH 7"o), the eluates centrifuged 60 min. at 7o,ooo g and the pellets resuspended in 3 ml. 0.06 M-phosphate buffer. The infectivities of these preparations and of the starting material were compared at appropriate dilutions (Table 4) . Most of the infectivity was adsorbed to the column at 0.06 M, some eluted at 0"3 M but most was eluted at 0"9 or I.o M. Most of the green material eluted at 0.06 and 0"3 M or was irreversibly adsorbed on the column, but some came through in the 0"9 and i.o M eluates. 
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* Figures are total numbers of lesions produced in eight leaves of Chenopodium quinoa.
In a second series of experiments (Table 4 , Expts 4 to 6), 0"9 or I.o M-column eluates prepared as described above were dialysed against o.o6 M-buffer, added to a second column of the same size as the first, and eluted with Io ml. volumes of phosphate buffers increasing in concentration by steps mostly of o. I M. The eluates and a sample of the starting material were ultracentrifuged, the pellets resuspended overnight in 3 ml. o.o6 M-buffer and their infectivities assayed in the same way as before (Table 4 ). All the virus was adsorbed to the column from o.o6 M-buffer; elution was not sharp but took place over a range of buffer concentrations reaching a peak at o'5 M. This behaviour suggests that the surface properties of CMotV particles are not uniform, or that their adsorption to calcium phosphate is not easily reversible, or both; this was also shown in Expt 5 where, although no infectivity was detected in o-8, o'9 or I.o M-eluates, some virus was eluted by 2"5 M-buffer. In Expts 4 to 6 all the eluates produced very small colourless pellets on ultracentrifugation. In other experiments, some green material was eluted from the second column by using buffers increasing in concentration by steps larger than o.I M.
When the pellets produced by high-speed centrifugation of column eluates were resuspended in 0.06 M-phosphate buffer (pH 7"o), much infectivity was lost. For example, a portion of a t.o M-column eluate was centrifuged at 70,000 g for 60 min.
The resuspended pellet produced 265 lesions on four Chenopodium quinoa leaves compared with 523 lesions produced by a portion which had been dialysed against 0.06 Mphosphate buffer. This effect was greater with preparations which had passed through two consecutive brushite columns, the corresponding figures in a typical test being 67 and 716. In contrast, preparationswhichhad only received the preliminary bentonite clarification did not lose infectivity after ultracentrifugation; a preparation which was ultracentrifuged and resuspended three times produced I332 lesions on six leaves compared with I396 lesions produced by the uncentrifuged control. Much of the loss of infectivity was found to be caused by incomplete redispersion of the virus particles; most infectivity was recovered by resuspending the pellets in very low concentrations of phosphate or citrate buffers (Table 5 ). Adding 0.2 % bovine serum albumin (fraction V) gave no improvement, nor, in other tests, did o.ot % Fenopon T-73 (Antara Chemicals, Inc., New York) or o.ooi M-EDTA. Following the experiments described above, chromatography on calcium phosphate columns was adopted as a second stage in purification of CMotV, according to the following schedule. After high-speed centrifugation of a bentonite-clarified extract from 80 g. Nicotiana clevelandii leaves, the pellets were dispersed in 0.06 M-phosphate buffer (pH 7"0). The preparation was then placed on a 90 x 30 mm. calcium phosphate column, washed in with 0-06 u-buffer, and eluted with 50 ml. volumes of 0"3 and 0"9 M-buffer. The 0"9 M fraction, after dialysis to o-I M, was placed on a second 9 ° x 30 mrn. column and eluted with 25 ml. volumes of'buffers increasing in concentration by steps of o.t M. The fractions eluted between 0. 4 and 0.8 M (inclusive) were centrifuged at 70,000 g for 60 min. and the pellets resuspended in I ml. 0.006 M-phosphate buffer (pH 7.0). The infectivity end point of such preparations assayed on Chenopodium quinoa on the day after initial extraction was usually Io -~, sometimes iO -5.
Density-gradient centrifugation
Preparations from Nicotiana clevelandii, taken after the first or second stages of the purification schedule, were centrifuged at 38,000 rev./min, in sucrose density gradients. Assays on 4-drop samples collected from the bottoms of the tubes showed that most of the infectivity sedimented uniformly (Fig. I a) . In different experiments, maximum infectivity was consistently recovered from the same fractions: fraction ~4 after centrifugation for 3o min., fraction I I after centrifugation for 6o rain., or fraction 7 after centrifugation for 240 rain. In some experiments there was a suggestion of a faster sedimenting component, presumably aggregated virus, reaching fraction 7 after only 6o min. Preparations made from carrot leaves with motley dwarf disease using only the first (bentonite) stage of the purification procedure, although poorly infective, behaved in the same way as those from N. clevelandii in sucrose density gradients, whether centrifuged for 30 or 240 min. (Fig. I b) material was present throughout the gradients; preparations taken at the end of the procedure sometimes behaved similarly but often produced a single, broad lightscattering zone without sharp top or bottom edges. This zone, which was not observed in similar preparations from healthy N. clevelandii leaves, appeared at depths of IO to I5 mm., I9 to 24 mm. and 25 to 30 mm. from the meniscus in gradients centri-a.F. MURANT AND OTHERS fuged for 30, 60 and 240 rain. respectively. Calculations showed that the most infective fractions came from these positions. The failure of CMotV particles to reach the bottom of a Io to 40 % sucrose gradient after centrifugation for 24o min. suggested that they have a low buoyant density. The density of the fractions containing the greatest infectivity was I. [3 g./ml. Although it seemed probable that the virus had nearly reached its equilibrium position in these experiments, the buoyant density was determined more accurately by centrifuging preparations for 40 hr at 35,000 rev./min, in 22"4% (w/v) CsCI solutions. Most of the infectivity was found in fractions having a density between about I'I4 and I'I7 g./ ml. with the maximum at H54 g./ml. (Fig. 2) . 
Electron microscopy
High-speed centrifugation of the infective fractions from density gradients produced minute glassy pellets. When these were resuspended in a drop of distilled water, mixed with an equal volume of 2 % (w/v) sodium phosphotungstate (pH 6.o), and examined in the electron microscope, vesicular structures of different sizes were observed, most of which were thought to be cell membrane components (Hodge, Martin & Morton, I957) ; no virus-like particles could be clearly recognized among them. However, when preparations were treated with 2 % uranyI acetate, the vesicular structures disappeared, leaving a few particles which were comparatively uniform in size and appearance (PI. ~ e) and appeared to be positively stained.
Although many were disrupted, measurements of seven apparently intact particles indicated a mean diameter of 52 + o'5 nm. The particles were seen only in the most infective preparations examined. No similar particles were found in uranyl acetatemounted preparations from healthy plants. These electron-microscope observations suggested that the 52 nm. particles might be those of the virus, especially because a particle of about this size and with a buoyant density of I. [ 5 would have a sedimenta-tion coefficient of about 270 S, as suggested by the early centrifugation experiments. Apart from the cell membrane components observed with sodium phosphotungstate, there seemed to be few other host-plant contaminants in the preparations.
Ultramierotomy of infected Nieotiana clevelandii leaves. The properties of CMotV particles so far described (ether and chloroform-sensitivity, low buoyant density) suggested that they may contain lipid. Ultrathin sections of infected N. clevelandii leaves were therefore examined to see whether CMotV particles, like those of some ether-sensitive animal viruses, could be found associated with cell membranes. Sections were made from leaves showing systemic vein necrosis. Virus-like particles were found in the cell vacuole, closely associated with the tonoplast (P1. I d; P1. za). Most of the cells contained no particles or only a few in the plane of the section, but occasionally larger numbers were found. The particles were round or somewhat elliptical in section and between 4o and 6o rim. in diameter. Pairs of measurements at right angles on 17 particles showed that they had a mean diameter of 52 + o'4 nm. No similar particles were found in ultrathin sections of healthy N. elevelandii leaves. All the particles had an outer limiting membrane with typical 'unit membrane' structure. The over-all thickness of this membrane was approximately 75 ]~ and was the same as that of the tonoplast. In several sections (P1. 2b) the particles appeared to be budding from the cytoplasm into the vacuole in a manner similar to that described for some viruses of vertebrates, and in these instances the membrane surrounding the budding particle appeared to be continuous with the tonoplast. With the uranyl acetate + lead citrate staining procedure used, the cores of CMotV particles were not heavily stained, apart possibly from a very small densely staining central area visible in some particles (PI. 2 e).
DISCUSSION
CMotV is difficult to purify because it occurs only in low concentrations in plants and is easily inactivated by protein precipitants and organic solvents. Moreover, extracts from Nicotiana celevelandii, the most suitable host plant known, seem more difficult to clarify with adsorbents like bentonite and hydrated calcium phosphate than do extracts from other species such as Chenopodium quinoa (Lister, Bancroft & Nadakavukaren, 1965 ) and cucumber (Fulton, 1959) . The procedure described achieves only a partial purification and an improved method is desirable.
There can be little doubt that the 52 nm. particles observed in ultrathin sections of Nicotiana clevelandii leaves infected with CMotV are those of the virus because their size and appearance are consistent with those expected from experiments in vitro and no similar particles were found in sections of healthy leaves. Moreover, in extensive studies they have not been found in leaves of N. clevelandii infected with tobacco rattle virus (Harrison & Roberts, 1968, and personal communication) . The 52 nm. particles found in partially purified preparations are almost certainly identifiable with those in ultrathin sections. They occurred in preparations from N. clevelandii leaves infected with CMotV, associated with the infective fractions from quasi-equilibrium and rate zonal sucrose density gradients, but they did not occur in similar preparations from healthy N. clevelandii leaves. Although no outer unit membrane was clearly visible, this was possibly because it was not stained by the uranyl acetate.
The cryptogram (Gibbs, i968 ) for CMotV is R/*: */*: S/(S): S/Ap. Its particles seem unlike those of other plant viruses. They resemble most closely those of the thrips-transmitted tomato spotted wilt virus (TSWV). However, when seen in ultrathin sections, TSWV particles are somewhat larger than those of CMotV, estimates of diameter ranging from 5o to I2O nm. (Martin, 1964; Ie, 1964; Kitajima, 1965; Milne & de Zoeten, I967) , and they have more densely staining centres. TSWV particles, like those of CMotV, are bounded by a unit membrane which resembles the normal membranes of the cell (Milne & de Zoeten, 1967) . They occur in pockets of the endoplasmic reticulum but, unlike CMotV particles, not in the cell vacuole. Neither have they been observed in the process of budding at cell membranes. Indeed in this respect, as in its particle morphology, CMotV seems to resemble some viruses of vertebrates more closely than any known plant virus.
The unit membrane which surrounds the particles of CMotV apparently contains components derived from the host cell membrane, and this probably explains why the main contaminating material in partially purified preparations appears to be a hostcell-membrane fraction. Unit membranes are composed of lipoprotein and thus CMotV particles probably contain lipid, a possibility also suggested by their instability in lipid solvents and their low buoyant density. Among plant viruses, lipid has been reported in the particles of potato yellow dwarf virus (Ahmed et aL 1964) and TSWV (Best & Katekar, 1964) . Other plant viruses that have bacilliform particles resembling those of potato yellow dwarf virus probably also contain lipid. These include the aphid-borne lettuce necrotic yellows virus (Harrison & Crowley, 1965 ) and the leaf hopper-borne viruses, North American wheat striate mosaic (Lee, 1964) and maize mosaic (Herold, Bergold & Weibel, 196o ) . Interestingly, all these supposedly lipidcontaining viruses, like CMotV, are transmitted in a persistent manner by their insect vectors and therefore possibly multiply in them as well as in plants. Indeed, particles of lettuce necrotic yellows virus have been found in ultrathin sections of vector tissues (O'Loughlin & Chambers, 1967) .
Our discovery of virus-like particles in CMotV-infected Nicotiana clevelandii leaves and in purified preparations would seem to rule out the suggestion of Watson et aL (1964) that CMotV may produce complete particles only when growing in plants also infected with carrot redleaf virus (CRLV). Moreover, our experiments in quasiequilibrium and rate zonal density gradients indicate that the infectivity in doublyinfected carrot leaves is associated with particles similar in size and density to those in N. clevelandii leaves containing CMotV alone. The identity of the 3 °nm. particles found by Watson et al. (I964) in extracts from doubly infected carrots is uncertain, but possibly they were particles of CRLV.
